Solar cooling is a state of the art technology in the last years, especially for countries with high irradiation level as Greece. The objective of this study is to determine the performance of an efficient solar cooling system for Athens, the most populated city in Greece. The examined solar cooling system is a one stage water/lithium-bromide absorption chiller driven by a parabolic trough collector coupled with a storage tank. A numerical model is developed in order to simulate the dynamic performance of this system. Many parameters have been investigated through sensitivity analyses and their optimum values are determined. The mass flow rates and the storage tank volume are the parameters that have been examined parametrically. The final results proved that by using a PTC module with an aperture area of 14 m 2 , a building area of about 25 m 2 can be cooled for 13 h daily during the summer period. The optimum specific mass flow rate was determined to 0.03 kg/sm 2 and the optimum storage tank volume to 0.3 m 3 . Moreover, a case study for a typical building of 100 m 2 is presented with very satisfying results, where four PTC modules are used in parallel connection.
Introduction
Nowadays, our society faces many energy problems because of the fossil fuel depletion, the increasing rate of CO 2 emissions, the increasing rate of the electricity price and the new lifestyle trend which are fully connected with high energy consumption. These problems can be easily faced by using renewable and sustainable energy sources [1] . Solar energy utilization is the most widespread method for covering a part of the thermal or electrical needs of the buildings. An application which is able to use solar energy and to reduce the electricity consumption is the solar cooling technology with sorption machines. Absorption chiller is the most mature technology among the sorption technologies [2] and the combination of this with concentrated collectors is an interesting idea which is investigated the last years. Especially for countries with high irradiation levels, the use of solar cooling technologies can be an attractive investment which is environmental friendly. In Greece the annually incident solar energy is 1600 kW h/m 2 and especially in Athens the daily average radiation is approximately 4.35 kW h/m 2 [3] . These data show that the solar potential in Greece is high enough to support the idea of solar cooling. The use of concentrated collectors gives the opportunity to operate in high temperatures levels ( > 100°C) with great thermal efficiency, using lower collecting area than the other solar technologies. Moreover, PTC is more mature technology among concentrating thermal collectors making choice to be financial more feasible. The use of a storage tank in the examined system leads to temporary energy storage for utilization after sunset hours. The working fluid in the system is pressurized water in order to be The aim of this study is to determine the values of critical parameters for the examined system. The determination of operational parameters in dynamic simulations is something not well-established in the literature up today. The main examined parameters are the storage tank volume and the mass flow in the absorption chiller. The parabolic trough collector which is used is the commercial IST-PTC (Industrial Solar Technology Corporation product) [1] . After analyzing the system behavior in every case, a study case for a usual building is examined in order to test the system performance in a real application. The dynamic simulation of the system is the key point which makes this study interesting, because the daily operation time period of the chiller is fully determined. Moreover, the determination of the optimum specific mass flow rate and the relationship between the mass flow rate of the collector field and of the load circuit is another interesting finding. The innovative point of this work is that the parametric analysis is performed with dynamic analysis and not in steady state, as in the majority of the studies. 
Parabolic Trough Collector (PTC) description
In this study, the parabolic trough collectors are chosen among the family of solar collectors because of their ability to operate in high temperatures (over 100°C) and to a wide range of applications [9] . A solar power plant with PTC is studied in Ref. [10] , Cabrera et al. [11] examined solar refrigeration and air-conditioning with PTC. It is obvious that PTC can be used in a great variety of applications as solar cooling, electricity production and desalination.
In this section, the heat transfer analysis inside the parabolic trough collector and the optical analysis of the sun rays are examined in order to specify thermal output of the examined collector. More specifically, the loss coefficient U L and the optical efficiency (η o ) are presented in order to determine the collector efficiency.
The parabolic trough collector consists of a parabolic trough and a linear evacuated tube which is located in the focal line of the parabolic trough. The main idea of PTC is that the reflected radiation over the parabolic trough is directed to the focal point of parabola and so all the solar energy is concentrated in the evacuated tube. The result of this concentration is the high temperature levels in the absorber, because large amounts of energy absorbed in a small region. The use of an evacuated tube increases the thermal efficiency of the collector, because convection losses between the absorber and the cover are eliminated.
Optical analysis of PTC
The aim of this paragraph is to determine the optical efficiency of the PTC. The optical losses are taken into account by using parameters as the concentrator reflectance (ρ), the cover transmittance (τ) and the absorber absorbance (α). The other possible losses due to the design are included to the intercept factor (γ). In other words, the optical efficiency of PTC depends on the geometry of the reflector and on the material properties. All these are summarized in Eq. (1) which follows [12] : 
The intercept factor γ is defined as the fraction of reflected radiation in the absorber to the total reflected radiation and it is selected to be equal to 0.95; a typical value according to the literature [13] . Concentration ratio (C) is defined of the aperture area to the receiver area:
A tracking system is used in the PTC in order to operate successfully. More specifically, the collector axis is located in N-S axis and the tracking system rotates the collector horizontally in E-W axis. The equation which gives the incident radiation angle during the day time is the following [12] :
The main advantage of this arrangement is that very small shadowing effects are encountered, when more than one collector is used in the first and last hours of each day.
Thermal analysis of PTC
In this section the thermal analysis of PTC is presented with the basic equations. The inner tube is the absorber and the outer the glass cover. Between these there is vacuum, approximately pressure of some Pa, fact that leads to negligible heat convection losses between absorber and cover.
The modeling of the solar collector is given in Fig. 1 (b). In this study, many assumptions have been made in order to simulate the solar cooling system successfully. Below these assumptions are given with details.
Solar collector [21] .
• The heat transfer fluid is incompressible • The conduction thermal losses have not been taken into consideration • The parabolic shape of the concentrator is symmetrical • The solar flux is uniform in the absorber • The ambient temperature close to the concentrator is uniform • The effect of the shadow among the PTC modules is negligible • The glass is opaque to infrared radiation The useful energy gained from the collector can be determined by two ways, according to Eqs. (4) and (5) [13] :
It is essential to point that only the beam radiation can be exploited from the PTC because these collectors are imaging collectors with a specific image of the sun in the receiver. The thermal efficiency of collector is defined as [12] :
The heat removal factor (F R ) which is used in the previous equation is given by the next equation [14] :
where F ' is the efficiency collector factor and can be calculated as [13] :
The mean temperature in the receiver is given from the next equation [13] :
The only parameter that is not known in the above equation is the thermal loss coefficient U L . This parameter can be determined by Eq. (10) [13] . 
The radiation coefficient between receiver and cover given as [13] : 
The Stefan-Boltzmann constant (σ) is equal to 5.67·10 −8 W/m 2 K 4 . The other radiation coefficient between the cover and the sky is presented in the next equation [13] :
The sky temperature (T sky ) is considered to be 6 degrees less than ambient temperature [15] . The convection coefficient for the water inside the tube (h fi ) is calculated from heat transfer theory [16] . Firstly the Nusselt number is calculated and after h fi according to the following equations. It is important to state that the flow is turbulent (Re > 2300) [17] and for this reason the Eq. (13) is used.
Now, the convection coefficient between cover and air is calculated with the next equation [13] : Finally, it is essential to say that all these equations are solved together and iteratively in a FORTRAN program. The methodology of the way that the equations have been solved has been presented by Tzivanidis et al. [18] [19] [20] . It is also important to state that a lot of information has also taken by the developed numerical model of Ghodbane et al. [21] [22] [23] [24] [25] . 
System description
In this paragraph, the examined system is presented analytically. The main parts of this system are the parabolic trough collectors, the storage tank and the absorption chiller ( Fig. 1(a) ). The water enters to the solar field and its temperature increases because the solar energy is captured by the collectors. The hot water enters into the upper part of the storage tank and heats the stored water. In the other side of the tank, hot water lets the tank and goes to the generator of the chiller in order to give the demanded heat. After leaving the generator, it returns to the down part of the tank with a lower temperature. The cooling load is produced in the evaporator of the chiller and this is the output of the examined system. It is important to state that the storage tank losses energy to the environment due to its high temperature, something that is taken into consideration in the presented study. In the following parts of this paragraph the separated systems will be presented except from PTC which is presented in Section 2.
Storage tank modeling
In the system, a storage tank for hot water is used in order to have a water supply the hours after sunset. The design of it is very important for the system, because it determines the daily operation time of the system and simultaneously influences on temperature level in the system. Using a large tank, the water storage increases but the mean water temperature is lessening which leads to lower chiller performance and by using a small tank the results are versus. Thus, an optimization of the storage tank volume is needed in order to select the parameters which lead to the desired performance. It is essential to state that the water inside the tank is pressurized in order to be kept in liquid phase for temperature level over 100°C. More specifically, the pressure is selected to be close to 8 bars which lead to no steam creation because the saturation temperature is equal to 170°C in this pressure level. In the present modeling, the tank was separated in three thermal zones (over, medium and down) in order to simulate the temperature distribution inside it [4] . The high part is warmer because the hotter water has lower density and moves to the upper part. For this reason, the hot water from solar collectors enters into the upper part of the tank while cold water from the down part is used in the inlet of the collector field. Fig. 1(a) includes the storage tank modeling and the way that it is analyzed in this study.
The energy balance equations of the storage tank mixing zones are given below [13] :
These differential equations are solved together because the system is complex and the temperature of the one part influences the temperature of the other.
Absorption chiller modeling and other parameters
A single-effect absorption chiller operating with the working couple LiBr-H 2 O is the used sorption machine. The assumptions of absorption chiller are:
• The evaporator temperature is equal to 10°C
• The outlet temperature of the hot stream in the generator is 7 K lower than the inlet temperature This system is powered by a parabolic trough collector module (PTC) in order to produce refrigeration at 10°C; an adequate temperature for cooling applications. The COP is taken by the literature [4] and it is given as a function of the load temperature (T s1 ) in Fig. (2a) . It is essential to state that temperature difference between the load streams (inlet and outlet) are given by Eq. (20) [4] :
The heat input in the chiller is given by equation 24:
Table1
Engineering parameters [1, 25] . 
The produced cooling is calculated with the COP, as Eq. (22) shows:
The weather data for solar beam radiation and for the ambient temperature distributions were taken from TRNSYS for a typical day of July in Athens. Fig. (2b) shows the weather data used in this analysis. A very hot day was selected in order to examine the system in the most difficult ambient conditions. The cooling systems face difficulties the days with higher temperature levels, something that is taken into account with this choice. The time axis in Fig. (2b) corresponds to local time of Athens. Moreover, the ambient pressure was selected to be equal to 1 bar.
It is important to state the absorption chiller operates better when the generator temperature and the evaporator temperature are greater. On the other hand, the system performs better for lower absorber and condenser temperature levels.
The dimensions of PTC are taken from a real collector (PT1-IST Company) [1, 25] and the other parameters were selected to have typical values according to respect the bibliography [26] [27] [28] [29] [30] [31] . The engineering properties are given in Table 1 and the optical properties in Table 2 .
Methodology of the study
The general methodology of this study is depicted in Fig. 3 . The first step is the selection of the examined parameters. These parameters and the weather data are the basic inputs of the developed program. Then the numerical model is applied for all the times steps and after integration over the day is made in order to take the final results. It is important to be stated that in the numerical model, are the used equations have been given in the previous sections. The analysis is performed for a typical summer day in Athens. Fig. 3 . Flow chart of the methodology.
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4. Parametric results and discussion
Mass flow rate impact on the performance
The mass flow rate in the absorption chiller should be determined from Fig. (4a) . Different values for the mass rate are investigated and in every case the daily refrigeration output is calculated. It is essential to state that the horizontal axis is the ratio of mass flow rate in the load circuit (from tank to the chiller) to the mass flow rate to the collector circuit. In this parametric analysis, the storage tank volume was selected to be equal to 300 [L] . This value is the most suitable, as it will be determined in the nest paragraphs. Fig. (4a) shows that the increase of mass to absorption chiller gives greater refrigeration but leads to less operation hours, so the optimum solution is in the middle of the diagram. In order to operate the system for many hours per day and to have enough cooling load, the ratio m L /m c was selected to be equal to 1.15. In other words, the load mass flow rate will be 15% greater than the mass flow rate in the collector system. The next step is to determine the mass flow rate in the collector loop. Fig. (4b) exhibits the way that the cooling load varies when the specific mass flow rate in the collector loop takes different values. The mass flow in the chiller was the same in all cases. The optimum performance is achieved for the specific mass rate of 0.03 kg/sm 2 approximately. Thus, this value is 
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selected as the optimum and it is used in the following analysis.
Impact of storage tank volume on the performance
The next parameter that influences on the system performance is the storage tank volume because it determines the quantity of stored water and the mean operating temperature level. More specifically, a large tank stores more hot water and the system is able to operate some hours after the sunset but the chiller starts lately in the morning. On the other hand, a small storage tank leads to high temperatures inside with a quick start in the morning but the operation will stop earlier in the night. Fig. 4(c) illustrates the impact of storage tank volume in the daily system performance.
According to Fig. 4(c) , a small tank is the optimum solution for the examined system, because it leads to greater refrigeration. Also the chiller starts the operation earlier in the morning, because the water mass in the tank is lower and this reaches the preferable temperature rapidly. In real applications, the need of refrigeration starts before 8:00 in the morning (for commercial buildings), so it was selected a tank with 300 [L] in order to fulfill this restriction and to have a great amount of cooling.
Temperature level inside the tank is also a very important for the system analysis, because a great temperature leads to huge losses to the environment and a very low temperature reduces the chiller performance. Fig. 4(d) shows the daily profile of the mean temperature in the upper part of the tank for 3 different storage tank volumes.
According to Fig. 4(a) , the maximum temperature inside the tank is observed lately in the noon when the ambient temperature is maximized (about 16:00). Moreover, the lower tank of 300 [L] has greater temperature during the day because has lower thermal capacity and it warms up easily. On the other hand, this tank stores lower heat quantity and after the sunset its temperature is lower than the other cases. The maximum temperature in the case of 300 [L] is about 130°C; a value which will be used in the next paragraph as selection criterion. This analysis explains the role of the storage tank in the system and the impact of the volume in the temperature profile during the day.
Cooling load profile
In this point, the cooling load during the day will be presented using the data from above analysis (tank volume 300 [L] and mass load flow 15% greater than collector mass flow). Fig. 5 depicts the cooling load and simultaneously the operation hours.
It is shown that the maximum cooling load is about 3 kW and the system operates close to this load for about 8 h daily. The total operation time is 13 h with a total cooling energy of 33.5 kW h, with the daily solar beam radiation potential to be 95.3 kWh. The ratio of these quantities gives the system performance to be 0.352 and it is about the half of chiller COP. The reasons are the existence of thermal losses in the solar collectors, the thermal losses in the tank and the thermal inertia of the tank in the morning. The produced cooling load of about 3 kW is able to cool a room with an area of 25 m 2 approximately. 
A study case for a building
In this section, the performance of a solar cooling system for a building of 100 m 2 in Athens will be examined. From the previous analysis it is found that with one collector it is possible to refrigerate successfully a room of 25 m 2 . For the larger building the use of more collectors in parallel connection will be analyzed in order to find the optimum solution and simultaneously the optimum tank volume will be determined again ( Fig. 6(a) ). It is known that for area 25 m 2 a chiller with capacity 3 kW is needed [32] , so in this case 12 kW is the needed capacity and consequently 4 parabolic collector modules will be used in order to cover the maximum cooling load. The specific mass flow rate was selected to be 0.03 kg/sm 2 , but the storage tank volume has to be investigated again. Fig. 6(a) shows the cooling energy production and the mean tank temperature for various values of the storage tank volume. For normal operation of system, the maximum temperature inside the tank should be lower than 130°C [4] , so a volume of 1.35 m 3 is selected for the building. This is in accordance with the optimization of the storage tank volume in the previous paragraph for the case of one PTC module. Greater storage tank volume leads to lower cooling energy production because of the reduction in the operation time of the chiller. Specifically, a greater tank needs more energy to start its operation, so the system starts to operate lately in the morning. Fig. (6b) exhibits the system cooling output during the day. The system is able to give 150 kW h with a total operation time 12.5 h. The load is about 12.8 kW and it is produced at 17:00. This result is explained by the time lag because of the storage system.
Moreover, according to Fig. 6(a) , greater storage tank volume leads to lower mean temperature inside the storage tank and to lower cooling capacity. These results are logical because lower temperature levels lead the absorption chiller to have a lower COP and the produced cooling is lower. According to Fig. (6b) , the system starts to operate about 7:30 in the morning. Up to 9:00, the produced cooling load increases with a high rate due to the increase of the available solar energy. After this point, the increase has a lower rate and the maximum cooling production is observed at 17:00. After this time, the solar potential is lower and the cooling production is getting lower up to 22:00, when the system stops operating. These are logical results because the system operates some ours after sunset due to the storage tank.
Conclusions
In this study, a solar refrigeration system powered by parabolic trough collectors is analyzed parametrically. The innovative of this study is the determination of crucial parameters by studying the system in dynamic state, using real weather data for Athens. There is no other energy source, fact that makes this system fully renewable. The system is parametrically analyzed firstly and after a case study for a building in Athens is given. The main conclusions are summarized in the following sentences:
• Greater mass flow rate in the absorber chiller leads to higher refrigeration rate but the total operation time reduces. Thus, the choice of this parameter depends on the examined application and the operation hours.
• The specific mass flow rate in the solar collector loop influences on the system performance and the optimum value is about 0.03 kg/sm 2 . This result is important because it is proves the need of mass flow rate optimization in every solar cooling system.
• The storage tank volume is a critical parameter because it influences on the cooling and on the operation time. A large volume leads to lower performance but the operation stops lately after sunset. On the other hand, a small volume creates a system that starts earlier in the morning and performs very well but stops operating earlier after sunset and the temperatures inside the tank are high.
• One module of PTC coupled with a tank of 300 [L] is able to give 3 kW cooling load with daily solar energy 95.3 kWh which means a mean solar coefficient of performance equal to 0.352, an accepted value.
• By using 54 m 2 collecting area and a storage tank of 1.35 m 3 it is possible to success a maximum cooling load of 12.8 kW, which means that a building of 100 m 2 is cooled with an adequate way.
Finally, it is proved that this system is able to operate successfully and to produce sufficient cooling rate during a sunny and hot day in Athens.
